Benchmark models of the critical experiments which measured reactivity effects of main fission product elements (Rh, Cs, Nd, Sm, Eu, and Gd) and of an important burnable poison element, erbium, were presented. These elements were dissolved in a vessel which was inserted into the central region of a fuel rod array of TCA (Tank-Type Critical Assembly). The atomic number densities of aqueous solutions in the vessel were calculated. Using these number densities, criticality calculations with MCNP 4A, TWOTRAN code, and JENDL-3.2 cross section library were performed for these experiments.
I. INTRODUCTION
A limited number of experiments for validating fission product (FP) cross sections has been performed thus far (1) . According to "Supplement Report to the Nuclear Criticality Safety Handbook of Japan" (2) , the following 12 FP nuclides are allowed to be taken into consideration for criticality safety analyses of spent fuels: 149Sm, 103Rh , 143N d, 133Cs, 99Tc, 152Sm, 155Gd, 145Nd, 147sm, 95Mo , 153Eu and 150Sm. Hence, the validations of cross sections of these FP nuclides are important from a point of view of burnup credit. Komuro et al.(3) measured reactivity effects of natural component of 6 elements (Rh, Cs, Nd, Sm, Eu and Gd) at TCA(4) (Tank-Type Critical Assembly) of Japan Atomic Energy Research Institute. In addition, the reactivity effects of erbium which is an important element for a burnable poison were measured. Since boron's neutron cross sections are well-established, the boron's reactivity effect was also measured as a reference to valiate a benchmark calculation. This experiment provides useful benchmark data to validate cross sections of these FP nuclides. In this paper, the authors present benchmark models of these experiments which are available for validation of cross section libraries. This paper includes, (1) brief descriptions of the experiment, (2) benchmark model recommended by the authors, (3) atomic number densities, (4) calculated results of MCNP 4A(5) and TWOTRAN(6) and JENDL-3.2(7). These information make it possible to perform a benchmark calculation.
II. EXPERIMENT
The experiment were conducted on the configuration shown in Fig. 1 . The core was constructed by replacing the central 4 fuel rods of 18x18 right square array (lattice pitch: 1.956cm) with an aluminum rectangular vessel. Horizontal view and lower structure of the test region into which the vessel was inserted are shown in Figs. 2 and 3 , respectively. The vessel contained approximately 2 liter aqueous solution in which an sample was being dissolved. In this experiment, the cores were made critical by adjusting the light-water moderator/reflector like other experiments at TCA. The accuracy of the water level measurement is+-0.3mm. The temperature, concentration and density of aqueous solu- Table 1 . The temperature of lightwater moderator/reflector and measured critical water levels are also shown in Table 1 . Using the following equation, the reactivity effect of a dissolved element was obtained with respect to a critical system (standard core) in which the vessel contains only pure water:
where C: Bucking-reactivity conversion factor H1: Critical water level of the standard core H2: Critical water level of a core with a neutron absorbing material l : Vertical extrapolation length.
III. BENCHMARK SPECIFICATIONS
In this chapter, the information which is necessary to construct a benchmark model are presented.
The diameter of the 2.596wt% enriched UO2 fuel pellet is 1.250cm, and the density is 10.40g/cm3 (94.9% theoretical density). The inner diameter of the aluminum cladding is 1.265cm, and the thickness is 0.076 cm. The actual length of the fuel rod is 187.56cm. However, the effective fuel rod region of 144.15cm-length only is included in the benchmark models. The lower aluminum end plug has a length of 16.83cm. The upper and lower aluminum end plugs are excluded from the benchmark models, since the reactivity effects of the aluminum end plug are 0.1%Dk/k(8) and they are negligibly small. The thickness of the side reflector is 30cm for benchmark models. The vertical structures of the fuel rod in each fuel pin is explicitly represented. That is, dry part of the lattices above the critical water level and the lower water reflector region are included in the three-dimensional model. There is nothing above the fuel pellet and there is only 30cm-thickness water layer below the fuel pellet.
The material of the vessel for aqueous solutions is aluminum alloy. The thickness of aluminum is 0.5mm. As shown in Fig. 3 , aluminum bottom plate of 20mm-thickness and aluminum end plugs exist below the vessel. These structures are neglected in the benchmark model. The effects of these structures on keff are known to be negligible.
In the two-dimensional model for TWOTRAN calculation, the vertical property of the core is represented by introducing the vertical buckling. The unit cell is homogenized.
The temperature, which is the most dominant source of criticality uncertainties, were measured carefully for all cases. The atomic number densities of aqueous solutions were derived from the measured temperature. Therefore, the benchmark models exactly represent the actual experiments. Table 2 shows the atomic weight, abundance, and chemical form used for calculating the atomic number densities and Table 3 shows the temperature dependence of water density (9) . The atomic number densities of fuel pellet, cladding, and light-water used in the benchmark model are shown in Table 4 . The atomic number. densities of aqueous solutions are shown in Table 5. IV. CALCULATIONS
Monte Carlo Calculation
Continuous energy Monte Carlo code MCNP 4A was run using 100 active generations of 10,000 neutrons each, after skipping 10 generations, so that the standard deviations of keff were reduced below 0.1%. The final keff was obtained by the combination of three estimators (collision, absorption, and track length estimators).
The used cross section library was the FSXLIB-J3R2(10) which was constructed from JENDL-3.2.
TWOTRAN Calculation
Using two-dimensional discrete ordinates transport code TWOTRAN, the reactivity effects of aqueous solutions in the vessel were calculated. The unit cell which consists of fuel rod and light-water moderator was In these calculations, the core configuration was represented by one-dimensional cylindrical geometry which consists of the central vessel filled with an aqueous solution, fuel lattice and water reflector. Then, two-dimensional (X-Y geometry) discrete ordinates transport calculations were performed using TWOTRAN code and 16-group cross sections. The scattering order is P1 and the order of angular quadrature is S8. The keff's for the standard cores (i.e. pure water was in the vessel) and perturbed cores (i.e. FP element was dissolved in the vessel) were calculated. Although FP element in the vessel makes the critical water level different from that of the standard core, all TWOTRAN calculations were performed with the same vertical buckling as the standard core: (
where Hc: Critical height of the standard core lz : Vertical extrapolation length (12.2cm). A reactivity of a perturbed core is given by (1/k*-1/kstd)x100/beff, (3) where k*: Perturbed keff kstd: keff of the standard core. Table 4 Number densityt of fuel rod (2.6w%, UO2) at 20dc and T. YAMAMOTO V. RESULTS AND DISCUSSIONS The effective neutron multiplication factors calculated by MCNP 4A are summarized in Table 6 . When obtaining the calculated results, the following were carefully considered.
(1) A Lucite grid plated with a thickness of 1cm was located between the upper and lower grid plate in order to correct the bowing of the fuel rods. This grid plate was neglected in the calculations. The reactivity effect of replacing the Lucite grid plate with light-water was evaluated to be less than 0.04%.%Dk. Therefore, the Lucite can be replaced with lightwater. (2) Since the aluminum vessel was fabricated precisely, the deformation of the vessel is not significant. Judging from the Al's total macroscopic cross section (St=0.099cm-1) and the volume ratio of the aluminum and the thermal neutron distribution, the deformation would not affect the keff. (3) The assayed concentrations and densities have approximately 4% and 1% uncertainties, respectively. To investigate the effect of the uncertainty of concentration, keff's were calculated by changing the Eu's concentration of 9,575mg/ml by+-3%, which did not show a notable difference. The Eu's reactivity was the largest of the measurements, which was why Eu was chosen for this sensitivity analysis. A volume uncertainty of the vessel can be estimated to be no greater than 1%. These facts also suggest that the volume uncertainty does not affect the keff (4) As seen in the calculated results in Table 6 , the keff's become large with the concentration of FPs. This is because the errors of cross sections are gradually magnified with the concentration. (5) The standard deviations of calculated keff's are small enough to evaluate the correctness of the cross sections of FP nuclides. (6) The inserted reactivities relative to the standard cores are no less than 2$ for each elements. Thus, the experiment has a sufficient credibility as a benchmark experiment for integral evaluation of cross sections. (7) The ratio of the macroscopic total cross sections of impurities in aqueous solutions to that of all nuclides is estimated to be less than 10-4. Therefore, the reactivity effect of impurities is negligibly small. The reactivity calculated by TWOTRAN are shown in Table 7 . The agreement of the calculations with the measurements is fairly good.
VI. CONCLUSIONS
Experimental configurations which contained fission product elements (Rh, Cs, Nd, Sm, Eu, Gd and Er) in the central region of TCA core were constructed, and critical experiments for integral evaluation of neutron cross sections were performed. The exact atomic num- Table 5 Number density (continued) ber densities of aqueous solutions containing a fission product element were obtained. With these atomic number densities, the effective neutron multiplication factors were calculated by MCNP 4A and JENDL-3.2.
The reactivity effects of these elements were calculated by TWOTRAN and JENDL-3.2. These results show that the cross sections of the elements are judged to be accurately evaluated. These experimental results are considered to provide excellent benchmark problems for integral evaluation of neutron cross sections of FP nuclides. 
